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Introduction 
Tendons attach to bones via a highly specialized 
interface called enthesis, which ensures load transfer 
between two strongly dissimilar tissues, for millions of 
loading cycles [1]. This challenging task is solved 
thanks to many adaptation strategies, including the 
presence of fibrocartilage (FC) sandwiched between 
tendon and bone. Despite the recognized biomechanical 
importance of FC, which appears either as mineralized 
(close to bone) or unmineralized (close to tendon), this 
tissue is much less investigated than tendon or bone. A 
clear description of the structure-function relationship of 
FC is still missing, one reason being the small size of 
this heterogeneous region, spanning less than 200 μm. 
Yet, this tissue is of high clinical relevance, being 
involved in enthesis pathologies and degeneration. 
Previously, we have characterized the microporosity of 
FC and the underlying subchondral bone at the tendon-
calcaneus bone insertion site of rats (Fig. 1). This 
location presents attractive aspects: it experiences a 
relatively simple and localized loading condition (in 
analogy with a cantilever beam) and it features two types 
of FC with different mechanical functions: enthesis FC 
(anchoring tendon to bone) and periosteal FC 
(facilitating tendon sliding). Using micro-computed 
tomography, we have highlighted a strong anisotropy of 
fibrochondrocytes lacunae and vascular canal network 
at enthesis FC and subchondral bone in comparison with 
periosteal FC (Fig. 1). Such an arrangement likely 
reflects adaptation to different biomechanical tasks. To 
further investigate the structure-function relationship in 
mineralized FC (mFC) as well as the presence of 
mechanical gradients at the bone-tendon interface, we 
characterize the correlation between mineral content and 
mechanical properties by combining quantitative 
backscattered electron imaging (qBEI) with 
nanoindentation (nIND). 
 
Fig. 1: Rendering of microporosity in bone and mFC.  
 
Methods 
After surface grinding and polishing, two-dimensional 
mineral content maps of bone and mFC (adult Sprague 
Dawley rat, n = 4) were obtained with qBEI (0.8 µm 
pixel resolution, Fig. 2). Elastic modulus was measured 
across the interface and mFC using nIND (Berkovich 
tip, 500 nm penetration depth, 6 µm spacing between 
indents). The correlation between mineral content and 
elastic modulus was obtained superimposing the images 
obtained from the two measurements and calculating the 
mineral content around indent positions. Points falling 
close to voids (lacunae or cracks) were excluded.  
 
Results 
The measurement of the elastic modulus across the 
bone-tendon interface revealed two regions (Fig. 2): a 
steep increase in tissue stiffness occurring in about 20 
μm was followed by a gradual transition in mFC. 
Interestingly, only the initial increase in elastic modulus 
could be explained by a corresponding increase in 
mineral content, while mineralization was practically 
constant in mFC. Mineral content–elastic modulus 
correlations were used to generate 2D maps of the elastic 
modulus, revealing a highly heterogeneous behavior of 
mFC in comparison to bone (Fig. 2). Additionally, for 
the same amount of mineral, bone showed the highest 
stiffness and enthesis mFC the lowest. 
 
Fig. 2: Maps of mineral content and stiffness (based on 
modulus-mineral correlation) along with spatial 
evolution across the bone-tendon interface. 
 
Discussion 
Although compositional gradients at the bone-tendon 
interface have been characterized, information on 
mechanical gradients is rare. Our work provides a direct 
assessment of the tissue modulus at the interface, which 
can be used in finite element simulations of the bone-
tendon complex, and reveals the role of mFC to 
smoothen the transition between tendon and bone. The 
region-specific mineral-modulus relationship, as 
observed at the bone-cartilage interface too [2], calls for 
additional investigations of the arrangement of the 
mineralized collagen network, especially in relation to 
the observed anisotropic microstructural porosity. 
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